In this work, the preparation of new S-adenosyl-L-methionine (SAM) analogues for sequence specific DNA labeling is evaluated.
These non-natural analogues, comprising cysteine rather than the natural homolog, were obtained in near quantitative conversions from readily available starting materials without relying on using an excess amount of labor intensive molecules. The synthetic strategy was used to generate fluorescent cofactors, with colours spanning the whole visible spectrum, and their applicability in methyltransferase based optical mapping is shown.
Site-specific DNA labeling holds the potential of unlocking promising advances in DNA-based applications 1 . Through modifications of known positions on DNA, researchers are able to extract vital information about the genetic material, making site-specific DNA labeling an indispensable tool for species identification or medical diagnostics [2] [3] [4] . In the last two decades, several approaches to such site-specific labeling have been developed, mainly relying on hairpin polyamides 5 , triplex-helixforming oligodeoxynucleotides 6 or enzyme-directed DNA modifications [7] [8] [9] .
Perhaps one of the most exciting examples of site-specific labeling is DNA methyltransferases (MTases) based labeling. In nature, these enzymes play a key role in the DNA methylation process by catalyzing the transfer of a methyl group from an S-adenosyl-L-methionine (SAM) cofactor onto adenine (N 6 -position) or cytosine (N 4 -or C 5 -position) 10 . Generally, the catalytic transfer will only occur after the enzyme successfully binds its recognition sequence, ensuring site-specific labeling. While a methyl group is an inert moiety, pioneering work by Weinhold and coworkers shows that MTase enzymes tolerate non-natural cofactors to effectively transfer functionalized labels onto DNA, and such strategies have been developed to introduce (fluorescent) labels which allow for localization 11 , capture 12 , photolabile caging 13, 14 , photocrosslinking, 15 selective scission 16 ,… and is a fundamental technology in the field of optical mapping.
In variants of this technology, replacing the methionine side chain of SAM with an aziridine ring resulted in functional cofactors with a pending aziridine moiety 17 . MTase enzymes are tricked into catalyzing the nucleophilic ring opening, in line with nucleophilic attack by the nucleobase, thus covalently coupling the whole cofactor onto DNA. By introducing a functional group on the nucleobase, these molecules are able to label DNA. This research was later extended by Rajski and co-workers 18 , who used reactive nitrogen mustards for in situ aziridine generation. However, during the enzymatic labeling, both research groups noticed a strong affinity of the labeled DNA for the enzymatic binding pocket, which inhibited further turnovers and thus forcing the use of stoichiometric amounts of enzyme to fully label DNA.
This downside prompted Weinhold et al. to develop more efficient cofactors, and a second class called the doubly activated cofactors was evaluated 9 . Here, a double or triple bond is introduced at the β-position to the sulfonium center as part of the functionalized label which is transferred by the MTase enzymes. As only the label is transferred, this class is less affected by enzyme inhibition. The unsaturated bond stabilizes the transition state in the transfer reaction, and hence, no enzymatic transfer was observed for saturated labels.
Commonly, doubly activated cofactors are used to transfer a chemically reactive group, e.g. amine 19 , azide 20 or alkyne 21, 22 , followed by conjugation to a fluorescent dye [23] [24] [25] [26] . This class was rapidly adopted by the research community and extended with synthetic modifications introduced on the sulfonium center [27] [28] [29] , the amino acid 30, 31 or the transferrable linker 32 . While this method can be used to quickly introduce different labels, the conjugation of the dye often results in a lower yield. Hence, in pursuit of high degrees of fluorescent labeling, the research was continued to fluorescent SAM analogues which contain the fluorescent molecule and directly transfer this functionality to its substrate 11, 33 .
Unfortunately, the described pathways towards these nonnatural cofactors are time consuming and often resulting in low yields. This is especially true for the final step, where S-adenosyl-L-homocysteine (SAH) is coupled with a highly electrophilic alkyl triflate or allyl bromide and a high excess of this linker (50-200 equivalents) is needed to drive the reaction towards completion (Fig. 1 ). As the reagent used in large excess actually contains the functionality introduced to the substrate later-on, this imposes significant restraints on the flexibility of the approach. Furthermore, even with this large excess, reported yields do not exceed 25% for a single epimer after HPLC purification 9 . Efforts to increase the formation of the correct epimer by a chemoenzymatic synthesis pathway also failed to give reasonable yields for larger systems 31, 34 .
In our pursuit of advanced applications of enzymatic DNA labeling, we were interested in the development of doubly activated cofactors, unhindered by the synthetic issues discussed above. To this end, we developed and evaluated new cysteine based SAM analogues. Our findings show that they are easily accessible and possess comparable transfer behavior as their homocysteine counterparts. The late stage introduction of the amino acid moiety allows to reach functional MTase cofactors without sacrificing labor intensive molecules.
Our first efforts were aimed at the synthesis of cofactors which can be used in a two-step labeling protocol. In such schemes, a reactive functionality, e.g. azide or amine, is appended to the transferable group, for modification at either the cofactor stage or after transfer to the substrate. Thus, we started with the coupling of 5'-thioadenosine 35 and 6-azido-1bromohex-2-yne. These starting materials are well described in literature and their synthesis can be carried out at gram scale.
The substitution reaction furnished thioether 1a in good yield, which is readily reduced to the amino substituted product 1b under Staudinger conditions. Much to our delight, these molecules are converted into the desired cofactors 2 in acidic media in the presence of one to four equivalents of the β-lactone (Scheme 1). In line with the soft nucleophilic character of the sulfur, the reaction with the strained β-lactone favors α-carbon attack over nucleophilic acylation 36 . For simple systems, conversion was quantitative without the formation of byproducts, and final removal of the protecting group proceeded smoothly after addition of a stronger acid. Though lactone salts (tosylate, tetrafluoroborate, trifluoroacetate) can provide the desired compounds directly upon reaction with the thioethers 1, reactions are sluggish, and the deprotection route is preferred. Due to the good conversion and low amount of byproducts formed, these cofactors can be used directly or with minimal purification (trituration or reverse phase silica gel filtration). While this is an effective and scalable method for cofactor synthesis, it should be noted that the formed cofactors are diastereomeric in nature, and the sulfonium centers are approximately a 50/50 mixture of R and S isomers. Diastereomerically pure cofactors can be obtained from HPLC purification, though the inactive isomer does not hinder further applications. The cofactors can be stored for several months at low temperatures and low pH.
Shifting from homocysteine appended cofactors to cysteine containing systems will have an effect on the position of the cofactor within the enzymatic pocket. Fortunately, gel based DNA restriction analysis indicated that MTase enzymes tolerate cysteine based cofactors, though at increased concentration (Supporting Fig. S1-S3 ), proving that this pathway provides efficient access to azide and amine substituted functional cofactors.
Next, these cofactors were converted to fluorescent versions through coupling of their reactive handles with dyes. However, these reactions were always accompanied by severe sideproduct formation, attributed to high pH (amide coupling) or incompatible reagents (Cu-salts in click-chemistry). Thus, fluorescent dye attachment was effected before the actual introduction of the amino acid. 
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Please do not adjust margins Here, it was postulated that enzyme binding might be influenced by the fluorescent molecules, which tend to be quite bulky and often carry charges. To counter these effects, we attempted to increase the distance between dye and cofactor core. This distance can be acquired by adding aliphatic or oligoethylene glycol spacers. To evaluate the effect of the length and structure of the spacer, three different examples 3-5a were prepared: 1) no linker 2) an aliphatic extension of six carbons 3) extension with three ethylene glycol units, respectively. Chain extension proceeded smoothly when using N-Boc protected carboxylic acids and 1b. After removal of the protecting group, the free amine can be used in the next step without intermediate purification. Dye attachment was carried out through amide formation using similar reaction conditions as for the extension. In the presence of four equivalents of the β-lactone, the desired cofactors 3-5a (Fig. 2) were obtained in good conversions after reverse phase silica gel filtration.
To further extend this product portfolio of chain extended direct cofactors, the dye repertoire was expanded and a small library, spanning the visible spectrum, was prepared ( Fig. 3 , Full structures in Supp. information). To ensure solubility for cofactors conjugated to hydrophobic dyes, cofactor synthesis was started from the ethylene glycol extended molecule S2.
After successful synthesis of the fluorescent cofactors 3-5j, the compatibility in MTAse based labeling was validated through gel based DNA restriction analysis ( Fig. 4 and Supporting Fig. S4-S9 ). Interestingly, all extended cofactors 4-5 were accepted by the MTAse enzyme M.TaqI. In a next step, the labeling performance was assessed through a counting assay 23 (Supporting Fig. S10 ). Given their superior labeling performance, Rhodamine B containing cofactors 4 and 5a were selected to use in further optical mapping experiments. In short, DNA fragments of the bacteriophage lambda were labeled using the M.TaqI methyltransferase enzyme (recognition sequence 5'-TCGA-3') and the fluorescent cofactor 4-5a. Labeled DNA is linearized on a zeonex coated coverslip using the "rolling droplet" technique 37 and the fluorescence intensity trace (map) is extracted using Structured Illumination Microscopy (SIM). The obtained intensity profiles are crosscorrelated to the theoretical profile and a matching score is assigned to each DNA strand ( Fig. 5 ). 38 DNA labeled by cofactors 4 and 5a shows excellent matching to the ground-truth species, indicating the applicability of these novel cofactor systems for optical mapping approaches.
In conclusion, cysteine based SAM analogues bring forward an easy accessible class of non-natural methyltransferase cofactors which are obtained through a high yielding pathway with limited byproduct formation. These compounds can be used to introduce various dyes onto DNA and provide excellent matching in optical mapping experiments. Despite a transfer efficiency that is somewhat reduced when compared to similar homocysteine cofactor analogues, their synthetic accessibility warrants widespread use. 
